A scanning electron microscope (SEM) provides a convenient way to provide structural information at micro and nano scale. However, the temperature rise due to electron bombardment during SEM analysis has been a concern because it can modify SEM results, in particular at nanostructures. For quantitative understanding of the temperature increase during the SEM analysis, a hybrid model, molecular dynamics combined with Monte Carlo method, is developed. The influence of some parameters, like accelerating voltage, primary current and scanning duration are studied. The resulting temperature profile within semiconductors materials and hypothetical apatite grains indicates a maximum temperature increase near the surface, followed by a continuous temperature reduction as a function of depth from the surface.
INTRODUCTION
A scanning electron microscope (SEM) provides one of the most popular analytical methods to describe surface morphologies and chemical compositions of a wide range of solid materials. In many fields of material Sciences, it became a routine procedure to examine natural samples using a SEM in various modes of SE (secondary electrons), BSE (back-scattered electrons), EDS (energy dispersive spectroscopy), CL ( cathodoluminescence) or EBSD (electron back-scatter diffraction). In all cases, the researchers assume that low injection condition is satisfied in SEM analysis, so the temperature rise (thermal effect) at the irradiated area is very small and is neglected. However, in reality the irradiated area is heated under the electron beam, and therefore the results obtained from the techniques associated with SEM must be rectified in particular in the nanostructures which have small dimensions near of that of interaction volume. Some old empirical expressions have been proposed [1] , but their predictions are not similar and the temperature rise is not treated as a function of depth.
During the SEM analysis, incident electrons interact with atomic electrons in the sample, delivering a certain amount of kinetic energy to the sample. Most of this kinetic energy is transformed to heat in the sample, giving rise to temperature increase during the operation process [2, 3] Thomas, 1977, 1978) . Previous studies based on simulation of atomic interactions [4, 5] (Mirkarimi et al., 2002; Randolph et al., 2005) or direct measurement of thermal status of samples [6, 7] (Chu et al., 2002 (Chu et al., , 2003 support that the temperature increase during electron bombardment is proportional to current density. A number of models have been proposed to predict the temperature increase in samples during electron-beam exposure, but the results are widely different depending on input parameters such as conceptual model, initial condition and sample geometry. Talmon and Thomas (1977) [2] developed a numerical model to estimate the electron-beam heating problem on 2-D thin film specimens. In their study, the temperature rise is proportional to the probe current, and a temperature rise was calculated in the order of 5 K at a current density of 8 MA/m 2 . Mirkarimi et al. (2002) [4] used a finite element model to study electron-beam-induced heating on a planar Mo/Si multilayer film. The calculated temperature rise is maximum (~15 K) at the center of the electron beam, and continuously decreases as a function of radial distance or depth from the sample surface. Weber (1994) [8] first employed a Monte Carlo method to simulate the energy deposition profile in the target sample. The Monte Carlo electron-solid interaction model was integrated with a finite element model by Randolph et al. (2005) [5] to determine the magnitude of electron-beam-induced heating (EBIH) on a nanofiber tip and a SiO2 thin film (500 nm thick) as a function of current beam energy and sample geometry. For a constant probe current of 500 pA, the surface temperature decreases gradually with beam energy (maximum 30 KeV) from an initial maximum temperature of 304 K to ambient temperature. Egerton et al. (2004) [9] performed 3-D modeling for thick samples suggesting that the temperature rise is less significant than proposed in the previous studies. For example, the temperature rise is <0.1 K for metals, and only a few degrees for a typical polymer at beam energy of 20 KV and probe current of 1 nA. Nouiri et al. (2006) [10] proposed a new Monte Carlo approach based on electron-matter interaction model, and calculated the temperature rise in semiconductors during SEM analysis. The temperature rise is proportional to the level of absorbed current and inversely related to the accelerating energy, yielding 0.3 to 20 K for an absorbed current range of 0.1 to 1 nA at the frequently used beam energy of 20 KeV. Experimental evidence of electron-beam induced temperature rise was first reported by Chu et al. (2002 Chu et al. ( , 2003 [6, 7] . They used nanothermocouples to measure the on-site temperature rise during electron-beam exposure. At the same accelerating energy (15 KV), they obtained a 70 K increase at the bottom surface of a silicon substrate (at a current density of 50 KA/m 2 ), a 62 K on quartz substrates (16 KA/ m 2 ) and a 18 K on silicon substrates (16 KA/ m 2 ).
Although a new Monte Carlo model was proposed to calculate the temperature rise at semiconductor material (GaAs) under an electron beam [10] , but in that model, the influence on scanning duration was not taken into account. In this paper, a combination between Monte Carlo and molecular dynamics methods has been used. Therefore, a hybrid model is developed. Thanks to this model, the thermal effect of SEM can be calculated for different parameters such as the scanning duration. In addition, this model can be used to study different materials. Some first results are published for apatite [11] .
Calculation procedures
The electron-matter interaction during SEM analysis may result in a range of effects on incident electrons, which can be mainly divided into two types of electron scattering: elastic and inelastic (Egerton et al., 2004) [9] . Among these effects, only one category of inelastic scattering, i.e. the excitation of lattice oscillations, is expected to be the origin of phonons leading to a substantial loss of beam energy as heating effect in the sample. To calculate the temperature rise in our case, a numerical simulation under similar SEM operating conditions is developed using a hybrid method, Monte Carlo and molecular dynamic Because a condensed sample material is used in this simulation, several processes need to be considered to estimate temperature increase caused by the electron-matter interaction during SEM analysis [10] . Here we are interested in the excitation of lattice oscillations causing generation of phonons, therefore a substantial portion of the beam energy is transferred to the sample in the form of heat. The simulation was performed in the following steps: (1) defining numerous random pathways of the incident electrons in the sample over the entire period of entrance to exit within the material, (2) dividing the sample into several zones (Fig. 1), (3) estimating the number of phonons (∆ph) generated within each zone based on the conditions of the incident electron beam (accelerating voltage, primary current and scanning time), (4) converting the phonon excess (∆ph) into temperature rise based on thermodynamic laws, and (5) estimating conductive heat loss to correct the calculated temperature rise. More detailed calculation procedures are explained in the following sections.
Diffusion of electrons (random walk)
The phonon excess (∆ph) is generated during the collision of the incident electron with the atoms of apatite units of the target material via random walk process. After each collision, the electron loses a certain amount of energy (Emoy) generating one phonon (Fig. 2) .
The step distance S is written as:
where R is a random number between 0 and 1, representing the random walk model [10] .
The mean free path  in the equation (1) can be obtained from the total scattering cross section:
where A is the atomic weight, NA is the Avogadro's number,  is the density of the material, and  is the total scattering cross section [10] .
Scattering mechanisms can be divided into elastic and inelastic. The elastic scattering of electrons by the nuclei of the atoms, which are partially screened by the bound electrons, can be analyzed by using the Rutherford model. The total relativistic Rutherford scattering cross section can be expressed as: where Z is the atomic number of the scattering unit, E is the energy of electron in KeV, C is the speed of light, m0 is the mass of electron, and  is a screening parameter [10] .
The screening parameter  is given by [10] :
The angle for a particular scattering event can be obtained from the probability distribution:
Calculation of the electrons depth A spherical coordinates are used to calculate the electron paths inside of the material. After each collision, the electron changes its position with a distance of S according to the equation (1), and two alternative angles of α (0-180°) and β (0-360°):
and R is a random number between 0 and 1, therefore the Cartesian coordinates of an electron "i" can be expressed as:
, ,
when m represents the number of steps (collisions) inside the material (from the surface until the end of electron energy)
In the SEM experience, an electron beam is used which corresponds to N electrons, the average distances projected to x, y, and z coordinates (Sx, Sy, Sz) for these electrons is calculated as:
The maximum depth Re is calculates as:
In order to compare the maximum depth with other models, our calculation is extended to three models; KanayaOkayama, Wittry-Kyser and Everhart-Hoff [12] [13] [14] :
(Wittry-Kyser 1967) [12] (Everhart-Holf 1971) [13] (Kanaya-Okayama 1972) [14] Calculation of the temperature rise
In this model, the temperature is considered as "room temperature", so the phonon-defect and phonon-phonon interaction are neglected. After each collision, the electron produces one phonon through excitation of lattice oscillations. According to Einstein model, the energy loss where KB is the Boltzman constant. For T=300 K (room temperature), Emoy=38.8 meV.
At the end of the electron trajectory, the total number of generated phonons (∆ph) at each zone (Fig.1) can be calculated. The phonon energy excess (∆Qi ) per unit of volume (e.g., cubic centimeter) is calculated as:
where Vi is the volume of zone "i".
This energy excess is transformed into a temperature rise ∆Ti (at each zone) using the following relationship:
where  is the density (mass in cubic centimeter) and cp is the specific heat.
The estimated needs to be corrected because of due to thermal conduction can dissipate heat to outside. The heat diffusion (heat flux) from zone "i-1" to zone "i" is written as:
where k is the thermal conductivity, a is the surface area of zone "i", l is the distance between the middle of zone "i-1" and the middle of zone "i". l is equal to the thickness of zone "i" because all the zones have the same thickness.
Finally, the can be calculated for each zone, representing the temperature distribution in the sample.
Influence of SEM analysis durations (molecular dynamics method)
In order to calculate the influence of analysis duration, we are obliged to use the dynamic molecular method. The principal idea is to calculate the speed of electron and the time after each collision inside the material. The kinetic energy Ek of an electron at the arrival on the surface of material can be calculated as:
where E0 is the initial energy, m0 is the mass of electron and v0 is the speed of electron at the surface. After each collision, the speed of electron at the position "j" (vj) can be calculated from the relationship:
where Ej-1 and Ej represent the electron energies at "j-1" and "j" positions successively.
According to equation (1), the distance between two collisions is Sj. With an assumption that the movement between two collisions is rectilinear (with a constant speed), following relationship can be establised: where tj is the duration between the two collisions (j and j-1)
At the end of the electron trajectory, the total scattering time (t) is calculated as:
Where, m represents the number of steps inside the material.
Finally, the number of phonons (∆ph) can be estimated by multiplying it by a fraction time tf:
Therefore, the equation (14) becomes:
Examples of calculation (Results)
Figures 3a-3d represent the maximum penetration depth of electrons calculated for four materials, silicon, gallium arsenide, nano layers and apatite as a function of accelerating voltages and compared with previous results. The maximum electron depth is proportional to the accelerating energy for all models. Proposed calculations for both silicon and GaAs are generally consistent with those of Wittry-Kyser [12] and KanayaOkayama [14] , whereas the calculated electron depth for apatite is consistent with those of Everhart and Holf (1971) [13] for lower energy (<15 KeV), but approach to the results of Wittry and Kyser (1967) [12] for higher energy (>15 KeV). Figure 4 displays the temperature rise as a function of depth for two values of analysis duration (6.4 min and 25.6 min). It is clear that the temperature rise is high near the surface, then it diminishes rapidly inside the material. Another important finding is that the temperature rise is more significant for larger analysis duration (ts). Figure 5 shows the effects of primary current which is proportional to the number of electrons. It is apparent that more temperature rise induced by higher primary current. In contrast to commercial conductors or semiconductors, the fluorapatite has low thermal conductivity (0.0133 W cm -1 K -1 ) causing only limited conductive heat loss, thus most of the thermal energy is retained within the sample. A correction term of electron beam temperature rise must be taken into account during the scanning electron analysis in order to improve the material characterization results, in particular at nano scale.
